The study introduced a finite element model of DQ75t-28m bridge crane metal structure and made finite element static analysis to obtain the stress response of the dangerous point of metal structure in the most extreme condition. The simulated samples of the random variable and the stress of the dangerous point were successfully obtained through the orthogonal design. Then, we utilized BP neural network nonlinear mapping function trains to get the explicit expression of stress in response to the random variable. Combined with random perturbation theory and first-order second-moment (FOSM) method, the study analyzed the reliability and its sensitivity of metal structure. In conclusion, we established a novel method for accurately quantitative analysis and design of bridge crane metal structure.
Introduction
Bridge crane metal structure is significant in the bridge crane to host, tract, walk, and brake, which is the most critical part of the performance to determine its safety. As the stability and reliability of metal structure is the guarantee of the entire system, its corresponding analysis, therefore, is crucial before the application [1, 2] . Currently, there are various uncertainties in the metal structure of bridge crane, such as size parameters, material properties, and external load. These uncertainties have directly influenced the safety and reliability of the metal structure. Therefore, studies using the reliability analysis theory to ensure the stability are encouraging. In addition, due to the different influence degrees of these random parameters, the reliability sensitivity analysis is also essential to obtain dependence of metal structure reliability to each random parameter, which will instruct the optimized design and applicable conditions of the metal structure.
The study introduced a finite element model of bridge crane metal structure and then applied finite element simulation and orthogonal experimental design to obtain the dangerous parts and stress response in the most extreme condition. We utilized BP neural network fitting technology to get an explicit expression of the stress on the design variables.
Besides, random perturbation theory and FOSM method were used for the reliability analysis. The matrix differential technology further contributed to deduce the influence degree of various random parameters on the reliability of the bridge crane metal structure.
Finite Element Analysis of Bridge Crane
Metal Structure operating conditions was obtained ( Figure 2 ). With full load, the maximum stress (110 MPa) was observed at the midspan of metal structure and the maximum deformation occurred at the midspan of top flange plate. Meanwhile, the biggest stress existed at the intersection of the lower flange plate, the main web and the diaphragms of box structure ( Figure 2 ). Although the intersection presented the potential fracture and failure, the value did not exceed the material yield strength and conformed to the requirements of static strength and static stiffness. Therefore, it can be concluded that the metal structure will not permanently deform and can meet the needs of safe carrying and running. The intermetal structure von-Mises stress nephogram in the condition of full load was shown in Figure 2 .
BP Neural Network Fitting Stress Response
Since the metal structure of bridge machine is an extremely complex box structure, the function of stress and random design variables is a highly nonlinear and implicit. Therefore, we utilized the orthogonal experimental design method and finite element simulation to get sample data. Then, we combined the BP neural network technology to map the relationship between structure design variables and stress values in dangerous parts, fitting to acquire their explicit expression [5] [6] [7] .
Neural Network Training Samples.
The study applied orthogonal experimental design method to establish the reasonable quantity and distribution of neural network training samples to accurately express the mapping relationship of neural network model. According to the reliability theory, we selected the simulated full-load condition as the object and obtained the data of random variable as well as the stress response ( Table 1) . The output samples of stress response of dangerous parts could be gained through the experimental design. It would be further used as the training samples of BP neural network to eventually fit required explicit expressions: = ( , , , , , 1  230  8000  3800  196  11  6  2  240  8100  3900  201  12  7  3  250  8200  4000  206  13  8  4  260  8300  4100  211  14  9  5  270  8400  4200  216  15  10 the total number of samples was 25, the factors were 6, each factor had 5 levels [4] ( Table 2 ). The stress response of its corresponding 25 samples, as output variables of neural network model, was calculated by the finite element model.
Neural Network Model.
For the 6 random variables of bridge crane metal structure system, BP neural network input layer had 6 neurons and the hidden layer had 15 neurons. Each neuron of the output layer was described as the stress response of the bridge crane metal structure.
To get the stress response neural network model of the global significance, each random variable in its feasible region took 5 discrete values (horizontal) and generated 25 design samples as the training set by the combination of orthogonal test. Then, finite element simulation experiments were carried out on all samples by ANSYS software.
Neural Network Learning.
After the model structure of BP neural network was determined, the toolbox (NNET Toolbox) of MATLB was used in training the network using the input sample set and the output sample set to achieve a given input-output mapping relationship and further correct the thresholds and weights of the network [8] .
Some neurons reached saturation due to the large difference in the magnitude of each variable in the original sample. As a result, the input samples should be normalized first and then selected the neurons pass for hidden layer and output layer as tansig() and purelin(), respectively [9] . Meanwhile, the training function trainlm in LM (Levenberg-Marquardt) algorithm was selected for training network when convergence speed and accuracy were taken into consideration.
Neural Network Generalization Test.
Typically, the training patterns included in the training set are only part of the source data set. Even if the network was trained by all the patterns within the training set, it also could not guarantee that the test by another mode could give satisfactory results. Therefore, the generalization ability of fitting functions of 25 new samples, as a test set, is still needed to be examined after the network learning. From the result of test error (Figure 3 ), the fitted model met the requirement of accuracy and could replace the finite element simulation for reliability analysis.
In addition, the convergence of the neural network training was demonstrated (Figure 4 ).
Reliability Analysis of Bridge Crane Metal Structure
A set of basic random variables = ( 1 , 2 , . . . , ) features the design dimensions, the material properties, the load that are normally distributed. Its joint probability density function is ( ). The limit state function of the bridge crane metal structure is expressed as ( ) = ( 1 , 2 , . . . , ) .
(1) ( ) < 0 represents the failure state, ( ) = 0 is limit state, and ( ) > 0 is the security state. Based on the probability theory, the reliability is calculated using multiple integrals in reliable domain when ( ) > 0; namely,
Based on the perturbation theory, and ( ) can be expanded as follows:
where subscript and separately denote the determining part and random part of random variable and have zero Best training performance is 9.9979e − 006 at epoch 4882 mean; Δ denotes higher-order infinitesimal. Based on the random analysis theory, the mean and variance of formula (3) are as follows:
Based on the FOSM method, take a linear term of the Taylor expansion of limit state equation and calculate the probability of the function greater than zero by basic random variables of 4 Mathematical Problems in Engineering first moment (mean) and second moment (variance). Reliability is expressed as :
) .
Set for the corresponding stress intensity of the dangerous point of bridge machine metal structure. Then, the limit state function is written as
Reliability Sensitivity Analysis of Bridge Crane Metal Structure
Based on the FOSM method and matrix differential, the mean and variance sensitivity of the metal structure reliability to each random variable are expressed as follows:
where
Results and Analysis
According to formula (5), the reliability of the metal structure is = 0.999866. Use Monte Carlo simulation for test to calculate 106 times. The reliability is MCS = 0.999764. Relative error is as follows:
Based on the known conditions and reliability calculation results, the reliability sensitivity of random variables including / and / Var can be calculated according to formula (7) [10] . The mean sensitivity of the bridge machine metal structure is as follows: 4.682 × 10
Variance sensitivity is as follows: .
It can be drawn from the sensitivity matrix of / that the reliability sensitivity of bridge crane metal structure can be influenced by lifting load , main beam height , main beam width , and elastic modulus [10] . Moreover, the influence degree of 6 variables on structural reliability in decreasing order are lifting load , main beam height , main beam width , elastic modulus , flange plate thickness , and web thickness .
Conclusions
(i) The study applied the neural network technology and orthogonal experimental design method to solve the reliability calculation with the implicit limit state function and to obtain the explicit expression of the random variable and the stress response of bridge crane metal structure.
(ii) The integrated use of orthogonal experimental design method and finite element simulation test in the reliability analysis engineering can significantly reduce the design costs and markedly shorten the cycle.
(iii) Based on the theory of reliability design and sensitivity, we made a derivation analysis of the reliability and its sensitivity and then established a basis for accurately quantitative analysis of the reliability of bridge crane metal structure.
